Background: To compare refractive outcomes after cataract surgery between patients with closed-angle and openangle glaucoma and evaluate the influence of preoperative factors on refractive outcomes in patients with glaucoma. Methods: Patients diagnosed with glaucoma and who underwent uncomplicated cataract surgery were enrolled in this retrospective observational study. We collected data including age, history of prior laser peripheral iridotomy and trabeculectomy, type of glaucoma, manifest refraction, intraocular pressure, axial length, and various anterior segment parameters using anterior-segment optical coherence tomography. Factors associated with unsatisfactory refractive outcome at postoperative 6 month were evaluated. Results: A total of 143 eyes (143 subjects) were included. Of these, 49 and 94 had closed-angle and open-angle glaucoma, respectively. At postoperative-6 month evaluation, the mean absolute error (MAE) predicted by the SRK-II and SRK-T formulae was 0.67 ± 0.61 and 0.81 ± 0.66 diopters (D), respectively. The overall predictability of achieving within ± 1.0 D of target was 76.92 % and 72.73 %, respectively. At a cutoff value of 1.0 D for MAE, there was no statistical significant difference in refractive outcome between the closed-angle and open-angle glaucoma groups. Logistic regression modeling showed that large lens vault (LV) was a significant predictor of unsatisfactory refractive outcome after cataract surgery in patients with glaucoma. Conclusions: When considering cataract surgery in patients with glaucoma, surgeons should recognize that the refractive outcomes may be unsatisfactory in eyes with large LV.
Background
The most critical element of a successful cataract surgery is obtaining excellent postoperative refractive outcomes. Although recent advancements in ocular biometry measurement, surgical techniques, intraocular lens (IOL) manufacturing and IOL power formula have improved the predictability of IOL power calculations, unsatisfactory refractive outcomes are still a concern following cataract surgery. Since the prevalence of cataract and glaucoma increases with age, the management of cataract in glaucoma patients is a common clinical challenge. Additionally, the accurate calculation of IOL power and identification of possible factors affecting this predictability are crucial to ensure desired postoperative results.
Previous studies suggested that several preoperative factors including short or long axial length, keratometric values, corneal asphericity, pupil size, and anterior chamber depth were associated with the unpredictability of refractive outcomes [1] [2] [3] [4] [5] [6] . Specifically, eyes with angle closure tend to have a myopic or hyperopic shift in the postoperative refractive outcome after cataract surgery [7] [8] [9] [10] . The anatomic characteristics of eyes with angle closure, such as large lens capsules, posterior shifting of the capsular bag, a decrease in axial length due to lowered intraocular pressure (IOP) after cataract surgery, and zonular weakness, might explain these unsatisfactory refractive outcomes [8, 11, 12] . Most studies of refractive outcomes in patients with glaucoma have been conducted in patients with closed-angle glaucoma; few reports are published on refractive outcomes in patients with open-angle glaucoma.
Recently, the introduction of anterior-segment optical coherence tomography (AS-OCT) has enabled us to perform quantitative measurements of biometric parameters, such as anterior chamber depth (ACD), iris curvature, angle width, and lens position [13] [14] [15] [16] . In addition, several studies reported that anterior segment parameters measured by AS-OCT may have clinical significance in differentiating the type of angle closure, assessing the effect of laser peripheral iridotomy (LPI), and predicting IOP lowering after cataract surgery [17] [18] [19] [20] [21] . Hence, in the present study, we hypothesized that baseline anterior segment configuration might be associated with refractive outcomes after cataract surgery. The aim of present study was to investigate the relative importance of preoperative parameters, including anterior segment configuration (measured using AS-OCT), with respect to refractive outcomes in patients with glaucoma.
Methods

Subjects
This is a retrospective observational study. We performed a review of medical records for patients diagnosed with glaucoma and who underwent uncomplicated phacoemulsification with posterior chamber IOL implantation by a single surgeon (S.W.P) in Chonnam National University Medical School and Hospital between January 2013 and October 2014. The study protocol adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of Chonnam National University Hospital.
The following inclusion criteria were used: i) age > 40 years; ii) in the bag fixation of the IOL; iii) 1-piece acrylic IOLs must have been used (SN60WF; Alcon Laboratories, Fort Worth, TX, USA); and iv) a minimum follow-up period of 6 months. Exclusion criteria included: i) secondary angle closure due to an intumescent lens, uveitis, ocular trauma, choroidal effusion, and medication (e.g., topiramate); ii) previous ocular surgeries other than prior LPI or trabeculectomy; iii) intraoperative complications, including anterior or posterior capsular tears; iv) combined procedures such as phacoemulsification/trabeculectomy; v) postoperative macular edema; vi) additional surgery within 6 months postoperatively; and vii) invalid biometry, lack of visual acuity, IOP, and refractive data at postoperative 6 months visits. If both eyes of a single patient underwent cataract operations, only the first operated eye was selected for these analyses.
Patient assessment
The data collected included: i) age at phacoemulsification, ii) history of prior LPI and trabeculectomy, iii) type of glaucoma (closed-angle or open-angle), and iv) history of acute angle closure. Closed-angle glaucoma and openangle glaucoma patients were categorized based on recent diagnostic classifications of glaucoma [22] . In brief, closed-angle glaucoma is defined as an eye with an occludable angle (greater than 270°of posterior trabecular meshwork that cannot be seen with a Posner 4-mirror gonioprism in the primary position without indentation), evidence of angle dysfunction [elevated IOP (>21 mmHg), appositional or synechial contact between the peripheral iris and posterior trabecular meshwork, and excessive pigment deposition on the trabecular surface], and glaucomatous optic neuropathy such as optic nerve head excavation or thinning of the neuroretinal rim and corresponding visual field defects. Eyes with a history of angleclosure attack were also included in the closed-angle group. Open-angle glaucoma was defined as an eye with an open angle confirmed by gonioscopy, IOP of greater than 21 mmHg on diurnal testing with Goldmann applanation tonometry (GAT) before treatment, glaucomatous optic neuropathy, and corresponding visual field defects. Eyes with normal tension glaucoma (an IOP of less than 21 mmHg on diurnal testing with GAT before treatment) were also included in the open-angle group.
Patients underwent a comprehensive ophthalmic examination preoperatively and postoperatively, including: i) measurement of best corrected visual acuity (BCVA), ii) manifest refraction, and iii) IOP using a GAT. BCVA was converted to logarithm of the minimum angle of resolution (logMAR) and manifest refraction was converted into spherical equivalent (SE) for analysis. The following measurements were also made preoperatively: i) axial length and lens thickness using the Lenstar LS900 (HaagStreit, Bern, Switzerland), ii) keratometry using an automated keratometer (KR8900; Topcon Corp, Tokyo, Japan), and iii) other anterior segment parameters using AS-OCT. Considering the possibility that effects of too large values and too small values may offset each other in evaluating the association between axial length and refractive outcome, we additionally investigated the association between deviation from mean axial length and refractive outcome. Deviation from mean axial length was defined as the absolute values of difference between the individual axial length and mean axial length. Deviation from mean ACD was also calculated.
Surgical procedures
Surgical procedures were performed under topical or retrobulbar anesthesia. In all cases, a temporal 2.8-mm clear corneal incision, continuous curvilinear capsulorrhexis, hydrodissection, and phacoemulsification with the Infiniti Vision system (Alcon Laboratories) were performed to remove the cataract. A foldable 1-piece acrylic IOL was implanted in the capsular bag and following the operation, the surgeon confirmed that the IOL was accurately implanted. All study subjects used Acrysof SN60WF (Alcon Laboratories) IOLs with manufacturer-recommended A-constants of 118.7. The IOL power was biometrically calculated using the SRK-II and SRK-T formulae.
Measurements of anterior segment parameters
Images of the anterior segment were obtained using a commercially available AS-OCT device (Visante OCT; Carl Zeiss Meditec, Dublin, CA, USA). After directing the subjects to look straight at an internal fixation target within the device in a sitting position, one experienced technician who was blinded to other clinical findings obtained the image in a dark room. The scans were centered on the pupil and horizontal cross-sectional images of the nasal and temporal angle (0-180°) were obtained until the quality were sufficient to analyze. Since assessment of the superior and inferior angles often requires manual manipulation of the eyelids, which may distort the angle, we did not evaluate the images from vertical scans. All subjects underwent AS-OCT imaging under identical conditions. Imaging in subjects with a history of primary angle closure was performed after the resolution of an acute episode. A single examiner (S.W.P) selected the best images with no motion artifacts, good visibility of the scleral spur, and no image artifacts from the eyelids.
Two independent examiners (Y.C.K and M.S.S) who were blinded to other clinical information analyzed images using custom software (Iridocorneal module, Carl Zeiss Meditec). We measured the following 4 parameters: i) ACD, defined as the distance from the corneal endothelium to the anterior lens surface; ii) lens vault (LV), defined as the maximum perpendicular distance between the anterior pole of the crystalline lens and the horizontal line connecting the two scleral spurs; iii) angle opening distance at 500 μm (AOD500), defined as the perpendicular distance from the trabecular meshwork at 500 μm anterior to the scleral spur to the anterior iris surface; and iv) trabecular iris angle (TIA), defined as an angle measured with the most angle recess point and the arms of the angle passing through a point on the trabecular meshwork 500 μm from the scleral spur and the point on the iris perpendicularly opposite (Fig. 1) . Among the 4 parameters, AOD500 and TIA were obtained both nasally and temporally and the means of the measured values in each position were calculated.
Outcome measures
Based on the postoperative 6 month evaluations, SE was compared with the expected refractive outcomes as determined by the SRK-II and SRK-T formulas. The mean absolute error (MAE) is defined as the absolute difference between the intended formula-derived SE refractive target and the actual postoperative SE. Based on the MAE value, subjects was divided into two groups: those with satisfactory refractive outcome (MAE < 1.0 diopters [D] ) and those with unsatisfactory refractive outcome (MAE ≥ 1.0 D).
Statistical analysis
Statistical analysis was performed using a commercially available statistical software package (SPSS, ver. 18.0; SPSS Inc, Chicago, Illinois, USA). Interobserver reproducibility was evaluated by calculating the intraclass correlation coefficient (ICC), which ranges from 0 to 1; higher values indicating higher correlation of the units and better repeatability. Bland and Altman reported that an ICC of 0.8 to 1.0 indicates high reliability [23] . The normality of distribution was verified using the Shapiro-Wilk normality test. Baseline characteristics were reported in counts and proportions or mean ± standard deviation (SD) values as appropriate. Groups were compared using the Chi-square test or Fisher's exact test for categorical variables and independent t test for continuous variables. If we have small than 5 subjects in any cell of data table, Fisher's exact test was used. Comparisons between preoperative and postoperative IOP in each group were made using the paired t test.
Logistic regression analysis was used to evaluate baseline factors including parameters of anterior segment configuration associated with unsatisfactory refractive outcome after uncomplicated cataract surgery. First, each variable was analyzed in a univariate model. Next, all variables with a significance level of less than 0.10 were included in the multivariate model. The role of each variable is expressed in odds ratio (OR) and its 95 % confidence intervals (CIs). P values less than 0.05 were considered statistically significant.
Results
All 143 eyes of 143 subjects met the inclusion criteria for enrollment in the present study. Of the 143 eyes, 49 were classified as having closed-angle glaucoma and 94 were classified as having open-angle glaucoma. Baseline characteristics of the subjects are presented in Table 1 . The mean age was 66.40 ± 10.64 years; 60 subjects were male and 83 were female. There was no significant difference in age, preoperative BCVA, proportion of subjects with prior trabeculectomy history, or lens thickness among the closed-angle and open-angle glaucoma groups. However, the closed-angle glaucoma group showed a significantly higher proportion of female patients (P = 0.019) and shorter axial length (P < 0.001) than the open-angle glaucoma group. All parameters of anterior segment configuration were also significantly different between the two groups (all P < 0.001) with excellent interobserver reproducibility (all ICCs > 0.9). At postoperative 6 month evaluations, IOP decreased significantly in both groups (both P < 0.001). There was no difference in IOP change between the two groups (P = 0.276). MAE predicted by the SRK-II and SRK-T formulae was 0.67 ± 0.61 and 0.81 ± 0.66 D, respectively. The overall predictability of achieving within ± 1.0D of target by SRK II and SRK T was 76.92 and 72.73 %, respectively. Postoperative refractive errors predicted by both SRK II and SRK-T formula showed overcorrection, resulting in more myopic refractive errors than expected. Comparing the MAE value and percentage of eyes that achieved a postoperative SE within ± 1.0 D from the preoperative predicted refraction, the open-angle glaucoma group had a smaller MAE value and higher percentage of eyes with postoperative SE within ± 1.0 D from the preoperative predicted refraction than the closed-angle group. However, there was no statistical significant difference in refractive outcomes between the closed-angle and openangle glaucoma groups ( Table 2) .
The result of comparisons between the eyes with satisfactory refractive outcome and unsatisfactory refractive outcomes are presented in Table 3 . At a cutoff value of 1.0 D for MAE predicted by the SRK-II and SRK-T formula, 33 and 39 eyes were classified as the unsatisfactory outcome group, respectively. Among the 33 eyes with unsatisfactory refractive outcomes based on the SRK-II formulae, 25 showed myopic shift (closed-angle glaucoma group (n = 11); open-angle glaucoma group (n = 14)) and 8 showed hyperopic shift (closed-angle glaucoma group (n = 3); open-angle glaucoma group (n = 5)). Similarly, among the 39 eyes with unsatisfactory outcomes based on the SRK-T formulae, 32 showed myopic shift (closedangle glaucoma group (n = 15); open-angle glaucoma group (n = 17)) and 7 showed hyperopic shift (closedangle glaucoma group (n = 2); open-angle glaucoma group (n = 5)). In both SRK-II and SRK-T formulae derived IOL power calculation, LV was significantly different between the two groups (P = 0.036 and P = 0.017, respectively). The results of the logistic regression also showed that large LV was a significant predictor of unsatisfactory outcome after cataract surgery in patients with glaucoma (OR = 2.331 and 38.293; P = 0.039 and 0.020 using the SRK-II and SRK-T formulae, respectively) ( Table 4 ). Figure 2 shows the statistically significant association between MAE and LV. The regression was greater in SRT-T (P < 0.001, R 2 = 0.089) than in SRK-II (P < 0.020, R 2 = 0.038).
Discussion
Predicting refractive outcomes depends on exact preoperative biometric measurements such as axial length and keratometry, and the IOL power calculation formula used. However, even using newer-generation IOL power calculation formulas, the prediction of postoperative IOL position in the eye is not perfect in usual clinical setting. For cataract surgery in patients with glaucoma, postoperative refractive outcomes have been an issue of concern, especially in patients with closed-angle glaucoma. Kang et al. [8] and Joo et al. [24] compared results between angle-closure glaucoma and a control group with open angle and reported that IOL power calculation was less accurate in angle-closure glaucoma patients. Rhiu et al. [25] showed a similar result in eyes that underwent three-piece IOL implantation and suggested that short axial length and shallow anterior chamber may be the main causes responsible for unsatisfactory refractive outcomes. These studies suggested that cataract surgery in eyes with shallow anterior chambers may result in considerable changes of the anterior chamber configuration and it would be difficult to estimate the postoperative IOL position accurately. However, in our previous study focused on factors affecting refractive outcomes in patients with acute primary angle closure, we found no associations between the refractive outcomes and ocular biometry including preoperative axial length and ACD [10] . In addition, little has been studied about refractive outcomes in patients with open-angle glaucoma. Hence, in the present study, we quantify the various parameters from anterior segment configuration using AS-OCT and evaluate the association of such parameters with refractive outcomes in patients with closed-angle and open angle glaucoma. This was a novel study investigating the role of anterior segment configuration as a predictive factor for refractive outcome after cataract surgery in patients with glaucoma. In our study, the percentage of eyes with unsatisfactory refractive outcome (MAE ≥ 1.0 D) was about 25 % and the greater LV becomes, the more the MAE value increases.
LV, which represents the volume of the lens anterior to the plan of the scleral spur, has been reported as the parameter associated with angle closure [26] . Nongpiur et al. [27] suggested that in eyes with symptomatic angle closure and a large LV, cataract surgery can be considered even in the presence of good visual acuity, because LV was not associated with increasing myopic refractive error and decreasing visual acuity. How et al. [28] reported that LPI did not result in a significant change of LV, although anterior chamber angle increased significantly after LPI. Theoretically, increase in LV implies the more anterior position of lens in the eye. This change can be attributed to the thickened lens or zonular laxity with age. We may speculate that eyes with large LV predispose individuals to larger displacements of IOL position, resulting in unsatisfactory refractive outcomes after cataract surgery. In our study, LV was significantly associated with refractive outcomes in patients with glaucoma.
From previous studies, we may consider several factors affecting refractive outcomes after cataract surgery in patients with glaucoma. One of these factors is a change of IOP, which can cause lengthening or shortening of globes, leading to inaccurate axial length measurements. It has been known that phacoemulsification leads to angle widening and IOP reduction [29, 30] . Francis et al. [31] found a correlation between the IOP change and axial length change. In a study evaluating the effect of prior trabeculectomy on refractive outcome, Zhang et al. [4] also demonstrated that cataract surgery in patients with prior trabeculectomy had significantly greater refractive surprise than those in the control groups. However, in the present study, there was no significant difference in preoperative IOP, postoperative IOP and the amount of IOP change between the satisfactory and unsatisfactory refractive outcome groups. Similarly, there was no association between the history of prior trabeculectomy and refractive outcomes in our study.
It was reported that SRK-II and SRK-T formulae could be inaccurate in predicting the postoperative refraction after cataract surgery in eyes with short or long axial length and shallow ACD. However, we could not find the statistically significant association between the axial length and ACD and refractive outcome. Regarding the axial length, the result can be probably explained by the distribution axial length of our study subjects. Since the number of subjects with short axial length (≤21.5 mm) and long axial length (≥25 mm) were only 16 (11.2 %) patients (short axial length 10, long axial length 6), the parameters associated with axial length would not significantly affect the refractive outcome in this study. Previously, Aristodemou et al. [32] evaluated the accuracy of SRK T formula in the various axial length groups and found that SRK-T formula showed similar refractive outcome for eyes with axial length between 21.5 and 25.0 mm. In terms of the ACD, our result indicates Only variables with a P value of less than .10 in the univariate analysis were included in the multivariate model that the anterior chamber depth alone were not enough to predict the postoperative refractive outcome and other factors such as LV should also be taken into account. Another factor affecting refractive outcomes is cataract density. Ueda et al. [33] previously reported that MAE was significantly correlated with cataract density. Because of insufficient medical record, we could not analyze the effect of cataract density on refractive outcomes. However, during phacoemulsification, no significant difference was recorded in cumulative dissipated energy between groups (data not shown), and therefore, the effect of cataract density might be not significant.
The present study has some limitations that need to be considered. First, a larger sample size study is required to confirm our data. Additionally, because all patients were Asian, it is unclear whether similar associations would be seen in other racial groups. Second, we did not have postoperative AS-OCT measurements. Evaluation of changes in anterior segment configuration after cataract surgery and association of such changes with refractive outcomes might have been useful to further characterize our findings. Third, there are many other factors that may affect refractive outcomes after cataract surgery. However, due to the retrospective nature of the study, we could not collect enough information from medical records to quantify the impact of these other factors.
Conclusions
In summary, our results highlight the importance of anterior segment configuration in predicting refractive outcomes after cataract surgery. We suggest that surgeons consider preoperative LV when planning cataract surgery in patients with glaucoma. 
